Hydrogen was introduced in commercial-purity (99%) aluminum by electrochemical charging to study the existing state of hydrogen and its effects on the mechanical properties of aluminum. Electrochemical charging was conducted in an aqueous H 2 SO 4 solution with 0.1% NH 4 SCN as a hydrogen recombination poison. The potential and pH during the charging were determined from the immune, passive, and corrosive regions in the Pourbaix diagram to determine the optimum conditions for the charging. The maximum amount of hydrogen absorbed was obtained in the immune region. The amount of hydrogen and its existing state were examined using hydrogen desorption curves, which were obtained by thermal desorption spectroscopy. The curves showed distinctive peaks corresponding to trapping sites of hydrogen in the material. One of the peaks was observed at approximately 100 C, and it corresponds to vacancies and dislocations in the material; another peak was observed at approximately 400 C and it corresponds to molecular hydrogen in blisters. It was presumed that charged hydrogen diffuses into the bulk of the material to form hydrogen-vacancy pairs, and then these pairs cluster to form blisters. The fracture strain of charged aluminum in the immune region decreased with decreasing strain rate, showing an inverse dependence on the fracture strain of the uncharged material. This phenomenon was considered to be caused by hydrogen transport by dislocations through the interaction between hydrogen and dislocations. The phenomenon was further confirmed by the observation of hydrogen release during tensile deformation, where the amount of hydrogen was high in the strain rate range where the interaction between dislocations and hydrogen was prominent.
Introduction
Many reports on hydrogen in aluminum and aluminum alloys have been published, especially on the hydrogeninduced fracture of high-strength aluminum alloys. [1] [2] [3] [4] [5] [6] [7] [8] Furthermore, with the recent commercialization of fuel cells, it has become important to determine the effects of a high amount of absorbed hydrogen on the properties of aluminum because the chances of such materials being utilized in a hydrogen atmosphere are on the increase. Ohnishi 9) and Itoh and Kanno 10) summarized the existing states of hydrogen in aluminum; for example those are trapped to crystallographic imperfections like the interface of second phase, defects such as dislocations, solid solutions, or gaseous states within cavities. Although many previous research studies have been conducted under several tens of atomic ppm hydrogen at the maximum, which is normally found in hydrogen-induced fracture, few studies have been conducted on ! 1000 atomic ppm hydrogen and examined the existing state of hydrogen and its effects on the properties of aluminum. Moreover, if a higher amount of hydrogen can be absorbed onto solid aluminum, research studies can be expanded to determine the feasibility of aluminum as a hydrogen storage material. Therefore, it is important to assess methods of introducing a high amount of hydrogen into bulk aluminum, identifying the existing state of hydrogen, and studying its effects on the properties of aluminum.
The solubility limit of hydrogen in aluminum is very low, but several experimental methods have been used to introduce hydrogen to overcome this limit; these include the use of high-pressure hydrogen gas atmosphere, plasma gas charging, and electrochemical charging. However, a high-pressure hydrogen gas atmosphere requires several GPa of pressure and the other physical or chemical methods are conducted under extremely severe conditions. The electrochemical method can introduce hydrogen into materials using relatively simple experimental apparatuses under a high fugacity of hydrogen on a surface, which is achieved with the application of overpotential. Birnbaum and coworkers reported the absorption of hydrogen at 1000-3000 at ppm (approximately 30-100 mass ppm) onto highpurity aluminum by electrochemical charging in aqueous H 2 SO 4 or HCl solution with NaAsO 2 added. 11, 12) In previous research, the amount and existing state of hydrogen in a material were measured by the vacuum/heat extraction method, autoradiography, the hydrogen microprinting method, transmission electron microscopy (TEM), or the small-angle diffraction method using X-rays or neutron beams. In the study of the hydrogen-induced embrittlement of steel, the amount of hydrogen together with its existing state was examined successfully by gas chromatography or quadrupole mass spectrometry, which measured the amount of released hydrogen by heating the material. 13, 14) However, few reports have been published on the utilization of this method for aluminum.
In this study, hydrogen was introduced into pure aluminum by electrochemical charging to examine the existing state of a high amount of hydrogen in aluminum and its effects on tensile properties.
Material and Experimental Procedure
An aluminum plate of 99% purity was used in the experiments. The size of the specimens was 10 mm Â 100 mm. Specimens of 1.0 mm thickness annealed at 400 C for 30 min were used for the experiment to determine the charging conditions and measure the amount and existing state of hydrogen. Each specimen was electrochemically polished before charging. Three-pole electrochemical charging was employed, which immersed a specimen, a Pt plate of a counterelectrode, and a Ag/AgCl reference electrode in a solution under a constant potential maintained using a potentiostat. Anode electrochemical charging was conducted in a 90 C aqueous solution of H 2 SO 4 or NaOH with 0.1% NH 4 SCN added, which worked as the hydrogen recombination poison. The potential and pH were chosen in the immune, passive, and corrosion regions of the Pourbaix diagram of aluminum 15) shown in Fig. 1 . The density of the solution was adjusted so as to achieve the desired pH. The temperature used in the experiments was determined on the basis of the results of preliminary experiments. The optimum amount of the hydrogen recombination poison was also determined from the result of preliminary experiments that measured the dependence of NH 4 SCN amount on the amount of absorbed hydrogen. The tip (20 mm long) of a specimen was immersed in the solution, charged electrochemically, and then cut from the rest of the specimen for thermal desorption analysis. The specimen was wiped with ethanol to remove by-products and cleaned in an acetone ultrasonic bath. In all the experiments, the time between the end of electrochemical charging and the start of thermal desorption analysis was kept constant to avoid possible release of hydrogen from the specimen.
In the experiments determining the existing state of hydrogen in the material, specimens of 0.2 mm thickness and with the same dimensions mentioned above were used. Three types of specimen subjected to different heat treatments were prepared: one was subjected to annealing at 400 C for 30 min followed by furnace cooling, the second was heated at 580 C followed by quenching, and the third was heated to 200 C followed by cooling in air; the second and third specimens were made of 90% cold-worked material. These are hereafter called the furnace-cooled, quenched, and cold-worked materials, respectively. These specimens were subjected to electrochemical charging under the conditions determined on the basis of the result of the above-mentioned experiments. The surface of each specimen was ground using #2000 emery paper after electrochemical charging to avoid the effect of surface change caused by charging.
A hydrogen desorption spectrum was obtained by thermal desorption analysis. The amount of released hydrogen was measured by gas chromatography up to 500 C under a constant heating rate of 200 CÁh À1 . The amount of hydrogen was determined, and the existing state of hydrogen was analyzed on the basis of the obtained hydrogen desorption profiles.
The tensile test was conducted with a plate specimen of 1 mm thickness with a gauge section of 20 mm length and 9 mm width and annealed at 400 C for 30 min followed by electrochemical charging. Strain rate was varied from 8:3 Â 10 À6 to 4:2 Â 10 À3 s À1 to determine the dependences of tensile properties on strain rate under the influence of hydrogen.
The amount of released hydrogen during tensile deformation was measured with a small specimen of 1 mm thickness with a gauge section of 20 mm length and 2.5 mm width and subjected to electrochemical charging under the same conditions and using the same procedure used in the abovementioned tensile test. The tensile test was conducted in a vacuum chamber using a slow-strain-rate tensile testing machine, and the amount of released hydrogen was measured by a quadrupole mass spectrometer. Strain rate was set to 8:3 Â 10 À6 and 4:2 Â 10 À3 s À1 .
Results and Discussion

Determination of hydrogen charging conditions
Hydrogen desorption profiles measured with the specimens tested under different charging conditions that correspond to regions in the Pourbaix diagram are shown in Fig. 2 . In these experiments, heating rate was set to 500 CÁh À1 . The specimens charged in the corrosive region showed a weak desorption over the entire temperature range, corresponding to a small amount of absorbed hydrogen. Two distinctive peaks at approximately 100 and 400 C were observed on the specimens charged in the immune and passive regions. In the following discussion, these two peaks will be referred to as the low-temperature and high-temperature peaks, respectively. The height of these peaks increased with the amount of absorbed hydrogen. Furthermore, the temperature of these peaks showed no change with the type of fluid used in electrochemical charging. The maximum amount of absorbed hydrogen was obtained when the charging was conducted under the conditions corresponding to the immune region of pH 7.5 and À2:5 V potential in NaOH solution. However, the specimens degraded rapidly in NaOH solution forming a large amount of by-products on the surface, which were presumably hydroxide substances. Therefore, the experiments reported hereafter were conducted in H 2 SO 4 solution, in which the amount of absorbed hydrogen was the second highest.
In the experiments, the hydrogen recombination poison NH 4 SCN caused only a small amount of degradation of the material and was easy to handle compared with the other recombination poisons, such NaAsO 4 , used in previous studies, and yet gave a reasonable amount of absorbed hydrogen.
Existing state of hydrogen corresponding to the
high-temperature peak The low-temperature peak observed in the specimen charged under the conditions mentioned in the previous section disappeared after keeping the specimen at 30 C for 7 days in a constant-temperature incubator, while the hightemperature peak remained. It can be considered that the lowtemperature peak corresponds to diffusible hydrogen that can rather easily move within the matrix of the material, and that the high-temperature peak corresponds to relatively stable nondiffusible hydrogen. Stable hydrogen in the material is considered to come from the dissolution of physisorpt H 2 O, hydrides, and molecular hydrogen that exists within cavities. 6) Because no hydride was identified by the XRD analysis of the charged specimens, and no hydrogen desorption peaks were observed from the specimen immersed in water for the same duration as the electrochemical charging, the high-temperature peak was considered to correspond to molecular hydrogen that exists within cavities, not to hydrides or dissolution products from H 2 O. Figure 3 shows scanning electron microscopy (SEM) images of a specimen surface after charging under conditions of the immune and passive regions. Dimples of approximately 100 mm size were observed in the specimen charged in the immune region, whereas no surface changes were observed in the passive region. Figure 4 shows SEM images of fractured surfaces of the same specimen after the tensile test. The specimen shown in Fig. 4(a) , which was charged in the immune region, showed holes several micrometers in diameter on its flat surface as a result of brittle fracture. These holes were considered to be cavities formed during hydro- genation. These cavities are called ''blisters'' in this paper.
On the other hand, the specimen shown in Fig. 4(b) , which was charged in the passive region, showed a ductile fracture surface. Research on the electrochemical charging of highpurity aluminum or aluminum alloys has shown that vacancies are formed in conjunction with hydrogenation, then diffuse into the bulk of the material as hydrogenvacancy pairs, 11, 16, 17) forming voids as a result of their concentration along the {111} plane. 18) Hydrogen exists within voids in the molecular state. 8) These voids are equivalent to blisters in the present study. Furthermore, the result of the size distribution measurement by the small-angle scattering method showed that most of the voids are of 3 to 30 mm size, although very small voids several nanometers in diameter also exist. 19) The size of the blisters identified on the fractured surface shows good agreement with this report. The morphology of the surface shown in Fig. 3(a) was formed under the influence of blisters within the bulk of the specimen. It can be concluded that the high-temperature peak observed in the thermal desorption spectrum corresponds to molecular hydrogen that exists within blisters.
3.3 Existing state of hydrogen corresponding to the lowtemperature peak Figure 5 shows hydrogen desorption profiles obtained from the furnace-cooled, quenched, and cold-worked specimens. The furnace-cooled specimen contained smaller amounts of defects such as dislocations owing to full annealing, and the quenched specimen was considered to contain supersaturated vacancies because of quenching from 580 C. The cold-worked specimen had a lower density of vacancies with heating at 200 C, while maintaining a high density of dislocations introduced by deformation.
In Fig. 5 , the hydrogen desorption profiles of both the furnace-cooled and quenched specimens show the lowtemperature peak, whereas only the former shows the hightemperature peak. Note that the heating rate during the experiments mentioned hereafter was 200 CÁh À1 ; therefore, the temperatures of the low-and high-temperature peaks became lower than those shown in Fig. 2 where the heating rate was 500 CÁh À1 . The amount of absorbed hydrogen of the cold-worked specimen with a higher density of dislocations and a lower density of vacancies was as low as 3.4 mass ppm. The quenched specimen that contains many vacancies showed the low-temperature peak (absorbed hydrogen: 10.4 mass ppm). Both the cold-worked and quenched specimens were charged under the same charging conditions. On the other hand, the furnace-cooled specimen that contains fewer dislocations and vacancies showed either the low-or high-temperature peaks (absorbed hydrogen: 12.4 mass ppm). Therefore, absorbed hydrogen is trapped in vacancies when their density is high before charging. If their density is low, vacancies are formed owing to charging along with an increase in the amount of absorbed hydrogen, leading to the formation of blisters. A large number of dislocations do not contribute to this process, rather they retard it. This corresponds to the mechanism mentioned in the previous section that hydrogen-vacancy pairs are formed during hydrogen absorption, and diffuse into the bulk of the material, thereby increasing the extent of hydrogen absorption, and consequently forming blisters. Supersaturated vacancies introduced by quenching retard hydrogen diffusion, 20) and as a result hinder the concentration that leads to blister formation. This is the reason no hightemperature peak appeared in the quenched specimen. In the case of the cold-worked specimen, the high density of dislocations became an obstacle for the diffusion of hydrogen-vacancy pairs, leading to a lower amount of absorbed hydrogen, insufficient for blister formation. Another possible reason for not forming blisters is an increase in the strength of the matrix due to cold working. It can be concluded that the low-temperature peak that appeared on the hydrogen desorption profiles of pure aluminum corresponds to hydrogen trapped in dislocations or vacancies.
To examine the low-temperature peak in more detail, two types of specimen were prepared for hydrogenation: one was subjected to a tensile strain of 35% using as-received material, and the other is heated at 200 C for 30 min after deformation. Regarding the specimen subjected to tensile deformation, dislocations along with divacancies were formed, and heating at 200 C afterward annihilates divacancies leaving only dislocations. These specimens are hereafter called the dislocation+divacancy and dislocation materials, respectively. The hydrogen desorption profiles up to 200 C of these materials are shown in Fig. 6 together with the annealed material heated at 400 C for 30 min. A peak at approximately 60 C, which is not seen in the annealed material, can be observed in the dislocation and dislocation+divacancy materials. In the latter material, a peak at approximately 90 C is also observed. Furthermore, more hydrogen was absorbed in the dislocation+divacancy material, which suggests that a larger number of trapping sites existed in this material. From the above observations, it can be concluded that the peak at approximately 60 C corresponds to hydrogen trapped in dislocations, and the peak at approximately 90 C corresponds to hydrogen trapped in more stable divacancies.
There is a study on the formation of superabundant vacancies during electroplating that causes pronounced hydrogen desorption through the formation of hydrogen- vacancy pairs. 21) It was also shown through the firstprinciples calculation that the migration energy of interstitial hydrogen within an aluminum matrix with vacancies is three times larger than that in the case without vacancies, suggesting the existence of a strong barrier against hydrogen diffusion.
22) It was also experimentally shown that the ratio of the number of vacancies to the amount of hydrogen can reach 1 : 1, 11) and another calculation result suggested that 12 hydrogen atoms can be trapped in a vacancy. 23) Considering that the number of vacancies introduced by electrochemical charging in fcc materials can be very large, 21) it can be concluded that the finding of the present study, that is, a certain amount of absorbed hydrogen can be achieved through electrochemical charging, suggests the electrochemical charging method to be an effective method of introducing hydrogen into materials that are difficult to hydrogenate by other methods. Table 1 shows a summary of the fracture strains of the specimens before and after electrochemical charging and after heating at 200 or 500 C. Although fracture strain decreased significantly after hydrogenation, it showed a slight recovery by heating up to 200 C, which was due to the release of hydrogen trapped in vacancies. However, even in the specimen heated at 500 C, where almost all the hydrogen was released, fracture strain showed no recovery to that before hydrogenation. This could be partly attributed to a decrease in ductility with the interaction between vacancies and hydrogen, but was mainly caused by the existence of residual blisters after the release of hydrogen. Blisters worked as a flow in the matrix leading to a decrease in ductility. In this paper, the effect of hydrogen on the tensile property will be discussed by comparing fracture strain. Hydrogenation showed no effect on the yield or tensile strength of these materials; the stress-strain curves of each specimen were identical, varying in only the point of fracture.
Effect of hydrogen on tensile deformation property
The dependence of strain rate on fracture strain is shown in Fig. 7 . The fracture strain of the nonhydrogenated specimen increased with decreasing strain rate, which is commonly found in many materials, but the specimen charged in the immune region showed an opposite tendency: fracture strain decreased with slower strain rate. On the other hand, in the specimen charged in the passive region, fracture strain showed no dependence on strain rate; its value was almost equal to that before hydrogenation in the high-strain-rate region. In the specimen charged in the immune region, a higher amount of hydrogen was absorbed, and blisters formed in the material. The reason for the slightly lower fracture strain of the specimen over the entire strain rate range than of the specimens charged in different regions was considered as a combined effect of a high amount of hydrogen and blisters. Furthermore, the decrease in fracture strain with decreasing strain rate below 10 À3 s À1 , observed in the material charged in the immune region, could be the effect of the interaction between hydrogen and mobile dislocations during plastic deformation that occurs in a certain strain rate region. In the specimen charged in the passive region, this interaction was weak because the amount of absorbed hydrogen was low, leading to a smaller decrease in fracture strain with decreasing strain rate. Similar experimental results of the change in the dependence of the hydrogen-induced embrittlement on strain rate in the presence of hydrogen have been reported in Al-8% Mg alloy.
3)
The result of the present study suggests that mobile dislocations interact with hydrogen so that such dislocations transport hydrogen. Previous experimental and analytical results claimed that dislocations do not transport hydrogen. 24) However, many experiments have shown evidence of hydrogen transport by dislocations in aluminum and its alloys, as measured by experimental methods such as the hydrogen microprinting method. 
Hydrogen release during tensile deformation
In the previous section, the dependences of tensile properties on strain rate under the influence of hydrogen were considered to arise from the interaction between absorbed hydrogen and mobile dislocations generated during plastic deformation. In this section, the results of the measurement of hydrogen release during tensile deformation are summarized, confirming the above speculation. Figures 8 and 9 respectively show stress-strain curves under strain rates of 4:3 Â 10 À3 and 8:3 Â 10 À5 s À1 after charging in the immune region together with the hydrogen release measured during deformation. The strain rate of 4:3 Â 10 À3 s À1 in Fig. 8 is selected because it corresponds to a region in Fig. 6 where fracture strain did not change with strain rate, whereas the strain rate of 8:3 Â 10 À5 s À1 in Fig. 9 corresponds to a region where fracture strain decreased with a lower strain rate. The hydrogen desorption rates under both strain rates showed similar tendencies: a significant increase during elastic deformation followed by a decrease after the start of plastic deformation. This is similar to the experimental result measured in an aluminum alloy containing tritium by Donovan. He concluded that the tendency is a result of hydrogen transport by dislocations, on the basis of its similarity to the tendency of the deformation-dependent density of mobile dislocations predicted by Gillman's equation . 31) The binding energy between dislocations and hydrogen in aluminum was experimentally measured to be 43:5 AE 17:5 KJ/mol.
32) The density of hydrogen C x around a dislocation is given by eq. (1), 33) indicating that the amount of hydrogen depends on the binding energy, although the difference in its value depending on the type of dislocation was not reported.
Here C L is the amount of solute hydrogen, E B is the binding energy, k B is the Boltzmann constant, and T is the temperature. Assuming that the binding energy of edge dislocations in aluminum is higher than that of screw dislocations, which are commonly found in fcc metals, the observed phenomena can be explained on the basis of eq. (1); the rate of hydrogen released is high at the early stage of plastic deformation because hydrogen is transported by edge dislocations, which are mobile initially, then it decreases gradually as plastic deformation proceeds because hydrogen is transported by screw dislocations that work at the later stage of deformation. The total amount of released hydrogen from the material was estimated by integrating the curves shown in Figs. 8(a) and 9(a), under the assumption that the integrated area under a curve for measuring the amount of released hydrogen per unit time corresponds to the total amount of released hydrogen. In these figures, the abscissa was converted to strain for consistency with the corresponding stress-strain curve, but the amount of released hydrogen per unit time was measured during the experiment; therefore, the integrated value has a dimension of ion current Â time. The obtained values summarized in Table 2 showed that the amount of released hydrogen at a strain rate of 8:3 Â 10 À5 s À1 , where the dependence of fracture strain on strain rate was prominent, was four times larger than 4:6 Â 10 À3 s À1 . This indicates that the amount of transported hydrogen due to the interaction between mobile dislocations and hydrogen is larger in the region where the interaction between mobile dislocations and hydrogen is strong. The reason for this is considered to be the rate of dislocation motion being higher than the rate of diffusion in this range of strain rates; thus, dislocations can transport hydrogen owing to their interaction. In the range of strain rates higher than 10 À3 s À1 , where dislocations move faster and leave hydrogen behind, the interaction does not work. In contrast, in the range of very low strain rates, it is expected that the rate of dislocation motion and the rate of diffusion will become almost equal; therefore, the transport of hydrogen due to the interaction between dislocations and hydrogen becomes small. The relationship between hydrogen transport and fracture strain is further considered: screw dislocations interact each other through activation of dislocation motion caused by plastic deformation. As a result, arrays of vacancies are generated. Because more hydrogen is transported by dislocation at slower strain rate, arrays of vacancies are considered to be stabilized by the surrounding hydrogen atoms. The author has been reported that the more vacancies are generated by interaction between hydrogen and applied strain, the higher the amount of hydrogen transported by dislocation thus promoting hydrogen degradation. This phenomenon is found both in bcc pure iron and fcc Inconel 625. 34, 35) Therefore, it is considered that hydrogen transports by dislocation occurs at slower strain rate in pure aluminum, causing formation of vacancies, and as a result, decrease of total elongation.
Conclusion
Commercial-purity aluminum was hydrogenated by electrochemical charging in an aqueous H 2 SO 4 solution with 0.1% NH 4 SCN added. The amount and existing state of hydrogen were analyzed on the basis of hydrogen desorption profiles that were measured by thermal desorption analysis. The effects of hydrogen on tensile properties were analyzed by tensile test under different strain rates and by the measurement of the amount of hydrogen released during tensile deformation. The results are summarized as follows:
(1) The maximum amount of hydrogen absorption was obtained under the condition corresponding to the immune region of the Pourbaix diagram as a result of electrochemical charging experiment under different pHs and potentials. (2) Two distinctive peaks at approximately 100 and 400 C were observed in hydrogen desorption profiles. The low-temperature peak was determined to correspond to diffusive hydrogen that was trapped in dislocations or vacancies, while the high-temperature peak corresponds to nondiffusive molecular hydrogen that existed within blisters. (3) The mechanism of hydrogen absorption was considered as follows: vacancies are formed by electrochemical charging leading to the formation of hydrogen-vacancy pairs, which diffuse into the bulk of the material and form blisters. (4) Hydrogen was considered to be transported by mobile dislocations under a condition of constant temperature and potential, and almost equal amount of hydrogen content without the effect of stress. The interaction between hydrogen and dislocations was shown to vary with strain rate during tensile deformation through the dependence of fracture strain on strain rate, and the amount of hydrogen released was measured during tensile deformation. 
